Abstract -Six bis-9,10-dihydrophenanthrene and 9,10-dihydrophenanthrene/(dihydro)stilbene derivatives, phochinenins G-L (1-6), were isolated from the whole plant of Pholidota chinensis. Their structures were elucidated on the basis of extensive spectroscopic investigations (1D, 2D NMR and HR-EIMS). Owing to the sterically hindered rotation around the biaryl axis, some of these biaryl compounds can exist as a pair of enantiomers, but were isolated as racemates. Computed inversion barriers of selected atropisomeric derivatives suggested that phochinenins K (5), gymconpin C (7) and flavanthrin (9) have optically stable atropisomers. Their racemates were separated by HPLC on an optically active stationary phase, and stereochemically characterized on-line by circular dichroism (CD) spectroscopy (LC-CD coupling), in conjunction with quantum-mechanics CD calculations.
Introduction
Dimeric 9,10-dihydrophenanthrene derivatives have frequently been isolated from the Orchidaceae family since the late eighties. 1 Extracts from these plants contain various biaryl compounds including hetero-or homodimers, typically composed of a 9,10-dihydrophenanthrene or phenanthrene unit linked to a 9,10-dihydrophenanthrene, phenanthrene, stilbene, or dihydrostilbene unit, through C-C or C-O-C bonds. [2] [3] [4] [5] [6] Depending on the presence and nature of substituents on the ortho positions around the linked carbon atoms, the rotation around the biaryl axis may be not freely allowed due to steric hindrance. In such conditions, biaryls give rise to atropisomerism, 7 i.e., they exist as pairs of optically stable enantiomers (atropisomers). This well-known phenomenon is still attracting attention in many fields such as natural products, 8 molecular machines, 9 and chemical synthesis. 10 To the best of our knowledge, however, atropisomerism of natural biaryls from Orchidaceae has never been investigated thus far.
Pholidota chinensis (Orchidaceae) is a perennial herb distributed in Fujian, Guangdong, Guangxi and
Yunnan provinces in China. 11 From this plant six dimeric 9,10-dihydrophenanthrene derivatives, phochinenins A-F, were reported. 12 In this paper, we describe the isolation and structural elucidation of nine biaryl compounds, phochinenins G-L (1-6), gymconpin C 4 (7), blestrianol A 2 (8) and flavanthrin 1 (9) . These compounds are formed by a 9,10-dihydrophenanthrene and a stilbene or a dihydrostilbene, or by two 9,10-dihydrophenanthrenes, through a direct C-C coupling. For some of these compounds, semi-empirical calculations suggested the possibility of occurrence of atropisomerism. Consequently, racemic 5, 7 and 9 were separated by analytical enantioselective HPLC into their stable atropisomers. A full stereochemical investigation was then carried out, in light of the poor attention received so far by chiral 9,10-dihydrophenanthrenes when compared to the corresponding fully unsatured bis-phenanthrenes. 13 Therefore, we measured circular dichroism (CD) spectra of the separated enantiomers by employing the on-line HPLC-CD method, a useful technique for the characterization of enantiomers in mixtures of partially or fully separated stereoisomers. 14, 15 In this way, the absolute configuration of 9,10-dihydrophenanthrene dimers could be assigned by comparison of the CD spectra recorded on-line with the results of semi-empirical (NDO) CD calculations. 
Results and discussion

Structure elucidation
Phochinenin G (1) was obtained as a brown amorphous powder. The molecular formula C 30 H 26 O 6 was determined by HR-EIMS. The maximal UV absorptions at 213 and 279 nm indicated the presence of a 9,10-dihydrophenanthrene derivative. 16 Analysis of 1 H and 13 C-NMR spectra of 1 (Table 1) suggested an asymmetrical structure for a dimeric 9,10-dihydrophenanthrene derivative. The fragment ion at m/z 241 in the EIMS spectrum indicated the same elemental composition C 15 H 13 O 3 for the two monomeric halves. The HMBC correlations of H-10/C-1 and C-9, H-9/C-8, H-8/C-9, and H-1/C-10 indicated a 2,3,4,7-substituted 9,10-dihydrophenanthrene fragment. The other half was found to be substituted at C-2′, 3′, 5′ and 7′ by the HMBC correlations of H-10′/C-1′ and C-9′, H-9′/C-8′, and H-1′/C-10′. These two halves were coupled at C-3 and C-3′ as demonstrated by the long correlations of H-1/C-3, H-1/C-3′, H-1′/C-3′, H-1′/C-3, and H-4′/C-3 ( Figure 1 ). ROESY correlations of OMe (δ 3.75)/H-1, OMe (δ 3.77)/H-6′ and H-8′ allowed the two methoxys to be located at C-2 and C-7′, respectively ( Figure 1 ).
The four hydroxyl groups, in turn, were attached to C-4, 7, 2′ and 5′, respectively. Therefore, 1 was established as 4,7,2′,5′-tetrahydroxy-2,7′-dimethoxy-3,3′-bis-(9,10-dihydrophenanthrene). Phochinenin H (2) was obtained as a brown powder (C 30 H 26 O 6 by HR-EIMS). The UV spectrum showed characteristic absorptions for a 9,10-dihydrophenanthrene derivative at 211 and 282 nm. Its NMR data (Table 1) indicated again a 9,10-dihydrophenanthrene dimer, which was composed of one 2,3,4,7-tetrasubstituted and one 1′,3′,4′,7′-tetrasubstituted moiety as deduced by a combined analysis of the HSQC, HMBC and ROESY spectra. The chemical shifts of four methylene signals at δ H 2.82 (2H, m), 2.78 (2H, m), 2.57 (2H, m) and 2.39 (2H, m) suggested that two of these methylenes (δ H 2.57 and 2.39) fall into the shielding zone of the neighboring aromatic ring and thus one monomer was substituted at C-1′. The other dimerization site was deduced to be C-3 by HMBC correlations of H-10′/C-1′, H-2′/C-1′, H-2′/C-3and H-1/C-3. ROESY correlations of OMe (δ 3.68)/H-1, and OMe (δ 3.88)/H-2′ assigned two methoxys at C-2 and C-3′, respectively. The molecular formulae of phochinenins J (4) and K (5) were established by HR-EIMS as C 30 H 28 O 6 , the same as that of 3. Their UV and NMR spectra (Table 2 ), similar to those of 3, indicated that both 4 and 5 were composed of a 9,10-dihydrophenanthrene and a dihydrostilbene. The spectral differences were indicative of the dimerization sites and substitution patterns. The two halves of 4 were found to be coupled at C-3 and C-4′ by long-range correlations of H-4/C-4′, H-2′/C-4′ and H-6′/C-4′. Compound 5 was determined to be a 1, 2′-coupled dimer, which was demonstrated by the upfield shifts of four typical methylenes in the structure. The substitution patterns were assigned by the ROESY spectrum. In addition to the six new compounds, three other known dimers, gymconpin C 4 (7), blestrianol A 2 (8) and flavanthrin 1 (9) , were also isolated from P. chinensis. Their structures were determined by comparison of NMR and MS data with those reported in the literature.
HO
Stereochemistry assignment of atropisomeric biaryls
As discussed in the Introduction, some of the isolated biaryl compounds may in principle exist as pair of optically-stable atropisomers. 7 However, in the current case, optical rotations of all compounds were zero or negligible indicating that they were isolated as racemic mixtures of atropisomers, wherever atropisomerism was feasible. In order to reveal the presence of hindered rotation, the inversion barriers of selected dimers were calculated with the procedure described in the Computational Section. The semi-empirical PM3 method 17 was employed, which has revealed to be especially accurate in the prediction of torsional energies and barriers. 18 Table 3 reports PM3-computed inversion barriers for compounds 3-5, 7 and 9, having different biaryl skeletons and substitution patterns. Except for 4, inversion barriers around or above 20 kcal/mol were found, suggesting the possible existence of atropisomerism. 7 Based on these results, three compounds (5, 7 and 9) were selected for the separation of their atropisomers on an optically active stationary phase of analytical HPLC. In accordance with the calculations, the atropisomers of 5, 7 and 9 could be base-line separated on a Chiralcel IA column after optimization of the conditions (see Experimental Section). Compounds 7 and 9 are 9,10-dihydrophenanthrene dimers that differ in the biaryl linkage; 9 is a symmetrical dimer, while 7 is unsymmetrical. These two compounds were studied by HPLC in their mixture containing 9 as the major component. Both the atropisomers of 7 and 9 could be base-line separated on Chiralcel IA column and they could be identified on the basis of the LC/CD-LC/UV chromatogram monitored at 270 nm ( Figure 3 ). Figure 3 showed mirror image CD spectra of (aR)-7 and (aS)-7, respectively, with four bands of alternating sign which can be interpreted as two oppositely signed exciton couplets 19 centered around 281 and 232 nm (Figure 4) . Similarly, the first and fourth eluted peaks belong to the (aR) and (aS) atropisomers of 9, respectively, and showed opposite CD couplets The atropisomers of compound 5, constructed from a dihydrophenanthrene and a dihydrostilbene unit, gave significantly different CD from those of dimers 7 and 9. In the 330 -270 nm range, the CD spectrum is dominated by the transitions of the dihydrophenanthrene chromophore and strong exciton couplets could not be clearly identified ( Figure 6 ). In these conditions, a straightforward application of the exciton chirality method 18 is precluded.
Therefore we decided to run semi-empirical quantum-mechanics CD calculations with the ZINDO method, 21,22 using DFT-optimized geometries as input structures. For compounds 5, 7 and 9, a limited ensemble of 2-4 structures was generated with PM3 geometry optimizations (see Computational Section), refined with DFT optimizations, and employed for ZINDO-S/CI calculations. Additionally, the excited states of 1,3,6-trihydroxy-9,10-dihydrophenanthrene (10, Figure 7 ) were also calculated with ZINDO-S/CI, taken as a chromophoric model of the 9,10-dihydrophenanthrene unit found in the compounds considered. computed for the monomer 10 at 240 nm (dipole III in Figure 9 ), with moderate rotational strength and sign depending on the twist between the two phenyl rings in the dihydrophenanthrene moiety.
Therefore, it varies substantially among the four conformers 1-4 for each compound (7 and 9), and the apparent CD arises from an average of sizeably different contributions. Nonetheless, the dominant sign is positive for (aS) configuration, in keeping with experimental results (relatively to the long-wavelength couplet sign). In the shorter wavelength region, the calculated CD becomes less accurate, especially due to the superimposition of several transitions, although the sign of the dominant around 220 nm band seems also to be well predicted. The above results demonstrate that while the long-wavelength region (above 260 nm) in the CD spectra of 7 and 9 may be fully interpreted according to the exciton theory, the opposite is true for the short-wavelength region; thus, our calculation approach is justified.
For compound 5, the coupling between a 1,3,6-trihydroxy-9,10-dihydrophenanthrene and a 2,6-dihydroxybenzene chromophore is observed. As a consequence, the CD is weaker and its interpretation less straightforward. However, the computed average CD (Figure 8c ) is again in good agreement with the experimental one ( Figure 6 ) and demonstrates the following correspondence: (-) bands at 270-320 nm ↔ (aS) configuration. By comparison between experimental and calculated spectra (Figure 8a -c vs. 4-6), we conclude that the second eluted enantiomers for each compound 5, 7
and 9, has (aS) configuration. showing the P-helicity arrangement of dihydrophenanthrene units and long-axis polarized transition dipoles.
Conclusions
In this paper, the isolation and stereochemistry of nine naturally-occurring atropisomeric 9,10-dihydrophenanthrene derivatives is reported. These axially-chiral compounds were isolated as racemates from the plant and the absolute stereochemistry of the separated enantiomers was discussed here for the first time. The HPLC-CD spectra of selected atropisomers were recorded upon their separation on a chiral stationary phase. By comparison with the CD spectra calculated with ZINDO method, the absolute configuration of each enantiomer could be assigned.
According to the results of quantum-mechanics calculations, for compounds 7 and 9, the sign of the experimental CD couplet in the 260-330 nm region was correlated with the absolute configuration, with the correspondence: (+) couplet ↔ (aS) configuration. For 5, a similar correspondence exists: (-)-CD maxima in the 270-320 nm region ↔ (aS) configuration
Experimental
General experimental procedures
Optical rotations were measured with a Perkin-Elmer 241MC polarimeter or a Perkin-Elmer 341 polarimeter. UV spectra were recorded with a Beckman DU-7 spectrometer. IR spectra were recorded using a Perkin-Elmer 577 Spectrometer. LR-EIMS were obtained on a MAT-95 spectrometer, HR-EIMS were obtained on a Kratos 1H spectrometer. NMR spectra were run on a Bruker AM-400, AM-500 or a Bruker AM-600 spectrometer with TMS as internal standard. Column chromatographic separations were carried out by using silica gel H60 (300-400 mesh, Qingdao Haiyang Chemical Group sample was set so that the HT value did not exceed 500 V in the HT channel down to 220 nm.
Plant material
The whole plants of P. chinensis were collected in Xichou country, Yunnan Province, P. R. China, in 
Extraction and isolation
Powdered and air-dried whole plants of P. chinensis (1.84 kg) were extracted with EtOH-H 2 O (95: 5) in room temperature three times (10 L each). After evaporation of EtOH in vacuo, the residue was dissolved in water (6.0 L) and then extracted with petroleum ether (PE), EtOAc and n-BuOH. The PE fraction (93 g) was subjected to column chromatography (CC) over silica gel, eluted with a gradient of PE-EtOAc (100:1 to 0:1) to yield Fr.1~Fr.9. Fr.8 (2.0 g) was subjected to a silica gel column eluted column to afford 5 (28 mg), 6 (11 mg) and 8 (10 mg).
Phochinenin G (1)
Brown Table 2 .
Phochinenin L (6)
Gymconpin C (7)
Brown amorphous powder, Table 3 coincide with the less ergonic of the two possible pathways.
As input structures for ZINDO calculations, four (compounds 7 and 9) or two (reduced analog of 5) minimum-energy structures with (aS) absolute configuration (P chirality) were generated with PM3 and conf. 4 +0.56 (16%). Rotational strengths were computed for each structure with the semi-empirical ZINDO-S/CI method including all possible configuration interactions (full CI). CD spectra were generated as sum of Gaussians with 2500 and 4200 cm -1 half-height widths, using dipole-length computed rotational strengths. Average spectra were obtained by Boltzmann-weighting at 298K using DFT energies.
